Birth rates for older fathers have increased 30% since 1980.
INTRODUCTION
Whether an infant is fathered by a 50-yr-old man or a 20-yrold man, it begins life at the same chronological and biological age, despite the 30-yr age difference between the fathers and the corresponding different ''ages'' of their respective germlines [1] . Thus, germ cells have the capacity to ''stay young.'' Even so, germ cells are genetically altered during aging. An association between parental age and genetic defects was first suggested in the late 1800s [2] , and the first specific association between paternal age and genetic disease was described for achondroplasia in the 1950s [3] . Since then a number of genetic disorders, monogenic and multifactorial, have been associated with increased paternal age ( Table 1 ). The basis of this paternal age effect is thought to reside in an increased frequency of de novo mutations in germ cells at older ages. Indeed, point mutations constitute the majority of mutations detected in diseases associated with advanced paternal age [4] . The first direct test of the paternal age effect was reported by Kong et al. [5] , and in their article they demonstrated, using deep sequence analysis of more than 2000 individuals, an exponential increase in germline point mutations as men age. Approximately 200 of these individuals were from families in which the probands had been diagnosed with autism spectrum disorder or schizophrenia, diseases associated with advanced paternal age [6, 7] . Recognizing the importance of paternal age in reproductive outcome, the American Society for Reproductive Medicine and the British Andrology Society have each set an upper age limit for sperm donors at 40 yr old [8] .
The effect of paternal age on genetic disease is increasingly important as lifestyles change in modern society, such as delay of parenthood. In the past 30 years, there has been a 30% increase in births to fathers over 35 yr old ( Fig. 1) [9] . The older the father is at conception, the greater the likelihood of his infertility. With increasing paternal age, there are also increased risks for reproductive outcomes such as embryonic death and genetic disease [4, 8, 10] . Recent publications have indicated a clear relationship between increased paternal age and Mendelian and multifactorial diseases [5, [11] [12] [13] . For example, paternal age contributes to increased risk for autismlike syndromes, schizophrenia, and diminished intelligence [6, 7, 14] . Quality-of-life issues and health care costs stemming from infertility, congenital malformations, psychiatric disorders and genetic disease are notable. Yoon et al. [15] reported that 12% of the total number of children hospitalized in California and South Carolina had a birth defect or genetic disease. Children hospitalized with a birth defect or genetic disease were 3 yr younger, stayed 3 days longer, had 184% higher hospital costs, and had a 4.5 times higher death rate in the hospital than children hospitalized without a birth defect or genetic disease. One in every 33 infants in the United States is born with a birth defect [16] , the number one cause of infant mortality [17] . The extent to which paternal age impacts these statistics is not known, but because detrimental outcomes are increased with advanced paternal age, it is expected that the impact will rise as the birth rate to older fathers rises.
This review will focus on barriers to investigating the paternal age effect, our limited knowledge of mechanisms involved in the paternal age effect, and potential areas for future investigation.
BARRIERS TO UNDERSTANDING THE MOLECULAR BASIS OF MUTAGENESIS IN THE PATERNAL AGE EFFECT
One barrier to studying the paternal age effect in human spermatogenic cells is the limited access to nondiseased, fresh testicular material throughout the reproductive life span. Human sperm are accessible, as demonstrated by the creation of sperm banks. However, sperm banks have established standards for donor age to minimize the deleterious outcomes of advanced paternal age. In general, men older than 40 are not considered acceptable sperm donors [18, 19] . Access to fresh human testicular tissue and spermatogenic cells is severely constrained for research purposes and prevents research into the mechanisms involved in paternal age effects.
Animal models are frequently used as alternatives when access to human tissue is limited. Rodent models have been used extensively to study spermatogenesis and have proven to be highly informative. For example, in mice, for which the stages of spermatogenesis are well-characterized, type A single (A s ) spermatogonia divide mitotically to generate more A s spermatogonia and to produce A paired (A pr ) spermatogonia. A pr spermatogonia are attached through a cytoplasmic bridge and divide mitotically to produce A aligned 4 (A al4 ) spermatogonia. Mitotic divisions continue until A al16 spermatogonia have been produced. There are morphological and molecular transitions without a mitotic division to produce A 1 spermatogonia from A al16 cells [20, 21] . The process of differentiation continues, with mitotic divisions occurring between stages of differentiation until the first meiotic division in primary spermatocytes. Cell divisions are complete after the second meiotic division, and differentiation is completed through molecular and morphological changes. Eventually sperm exit the seminiferous tubules and enter the epididymis. Many of the spermatogenic cell types can be prepared with high purity by taking advantage of differences in morphology, size, and/or molecular markers. Rodent spermatogenesis is well characterized and can be used to overcome barriers that prevent use of human spermatogonial cells for experimental approaches [22] [23] [24] .
Another barrier for studying the paternal age effect is the limited ability to analyze mutant frequency by traditional methods. Traditional methods for mutant frequency determination involve selectable, dominant-acting genes. There are very few genes within the mammalian genome for which selection protocols have been developed. Another barrier, related to analysis of selectable genes for mutant frequency, is the fact that with few exceptions, spermatogenic cells cannot be grown in culture to form colonies. In traditional methods, clonal expansion is required to identify the number of mutants and to sequence the mutants. Transgenic mice carrying dominant, selectable transgenes could overcome the selectable marker barrier for mammalian cells. However, because of our limited ability to adequately manipulate spermatogenic cells in culture for colony formation, spermatogenic cells obtained from such transgenic mice are effectively rendered useless for mutant frequency determinations across spermatogenic cell types.
As recently published by Wang et al. [25] , genetic diversity can be assessed using genome-wide sequencing of individual sperm from individual men. A genome-wide sequencing approach precludes arguments that a particular gene doesn't represent the entire genome. The argument that a single gene cannot represent the entire genome is difficult to counter because no single gene, even an endogenous mammalian gene, can be a representative of the entire genome. There is far too much heterogeneity within a eukaryotic genome for a single locus to represent the whole genome. This heterogeneity is exemplified through repetitive sequences, single gene sequences, transcriptionally active and inactive genes, telomeres and constitutive heterochromatin, regions rich or poor in CpG dinucleotides, and myriad other considerations [26] [27] [28] . The advantage of sampling a large number of individual sperm from an individual for whole-genome sequence analysis is the ability to uncover individual variation that is potentially masked by population data [25] . Because the DNA sequence is unique for each sperm, simply sequencing the collective DNA from a number of pooled sperm is inadequate to understand de novo mutagenesis in the germline. The mutations in a given sperm may be shared with only a limited number of other sperm that derived from the same stem cell. Thus, a low percentage of sperm carrying the mutation within a large number of sperm would require a high degree of sensitivity to detect these low-abundance mutations. These properties make it difficult to assess and interpret data on genome-wide sequences obtained for a large number of sperm.
On the other hand, deep-coverage sequence analysis of individual sperm for a man requires substantial expense and bioinformatic support at present. Whole-genome sequence data must be carefully analyzed if point mutations are to be quantified. Roach et al. [29] noted that most aberrations were data errors, rather than actual mutations, and produced thousands of false-positive mutations. Data fidelity is essential for understanding the paternal age effect because most mutations will be point mutations. Finally, while the technical capabilities for single sperm sequence analysis increases almost daily, without understanding the process of mutagenesis during spermatogenesis, the issue of germline mutagenesis will not be understood. To fully understand germline mutagenesis, a variety of stages of spermatogenesis must be incorporated into the analysis. Mutations in sperm are the end product of promutagenic and antimutagenic processes that occur during spermatogenesis before sperm are produced.
An alternative might be to sequence the DNA from offspring and compare it to parental sequences. While this approach can certainly be informative [29] , each child contributes information about only one sperm and only one oocyte, resulting in a very small sample size for the number of germ cells. In addition, the only sperm and oocytes represented in offspring are those that successfully supported development. Sperm and oocytes carrying genetic aberrations that would result in infertility or embryo loss would not be in the analysis because only successful gametes are analyzed. Thus, this approach could produce biased mutant frequency data. Even the recent landmark study by Kong et al. [5] is constrained by the fact that gametes were not sequenced directly, but rather the somatic cells from each individual represent one oocyte and one sperm, and these were sequenced indirectly.
Whole transcriptome mRNA -Seq has been used to study individual mouse blastomeres [30] . These sequence data could also be analyzed for mutations. Unfortunately, sperm do not appear to actively transcribe genes. Thus, this would not be a productive approach.
These technical difficulties constrain investigation into the mechanisms involved in the paternal age effect and contribute to the dearth of information obtained to date.
UNCOMMON COMMON MUTATIONS IN THE SPER-MATOGENIC LINEAGE
The prevailing evidence suggests that de novo point mutations play a major role in the parental age effect [4, 5] . Insights into the propagation of mutations causing a subset of advanced paternal age-associated diseases have been emerging. A hotspot mutation is a mutation that occurs at a particular base pair much more frequently than expected from a random distribution of mutations. Such mutations represent a minor component to human mutation [27] . Some genetic diseases associated with the paternal age effect appeared initially to be subject to hotspot mutations. For example, a G1138A mutation in the FGFR3 gene accounts for the vast majority of achondroplasia cases [31] [32] [33] . Similarly, C755G and C758G mutations in the FGFR2 gene account for 98% of Apert syndrome [34, 35] . These diseases occur much more frequently than the spontaneous mutation rate, calculated per base pair per generation, would predict and, therefore, led to the initial hypothesis that these were mutation hotspots.
Further investigation into the origin of these mutations pointed to inconsistencies in the hotspot theory. If a base pair is more prone to mutation, it would be expected that spermatogenic cells carrying the mutation would be randomly and uniformly distributed throughout the testes. However, when human testes samples were dissected into numerous small sections and the cells were tested for the presence of C755G and C758G mutations, the mutations were found in clusters that represented about 5% of the total testes [36, 37] . If a base pair is more prone to mutation, one would expect a relatively equal distribution of mutations between the two paternal alleles of the gene. This was not the case when the frequency of mutated alleles was examined [38] .
Although common mutations are involved in Apert syndrome and achondroplasia, they were not considered to be consistent with hotspot mutations. Instead, the germline selective advantage model was developed to explain the high FGFR2 mutation frequency in the testes of older men. This model was, in part, based on early morphological descriptions of human spermatogenesis in which type A dark spermatogonia (A d ) divided only rarely and were considered reserve stem cells, whereas type A pale spermatogonia (A p ) divided regularly and were presumed to be the adult spermatogonial stem cells [39] . The proposed germline selection model assumed that human spermatogenic stem cells undergo symmetrical divisions prior to adulthood and that once adulthood is reached, the stem spermatogonia undergo largely asymmetric divisions, with symmetrical divisions being rare [37] . The selection model was tested mathematically for the effect of a positive selective pressure conferred by a mutation on premeiotic spermatogonia. It was concluded that an occasional symmetrical division by a mutant spermatogonial stem cell in the adult could produce the clusters of mutant cells and could, consequently, produce the high mutant frequency in sperm. While the FGFR2 mutation produces a genetic disease in offspring, it was proposed to also provide a growth advantage to the mutant premeiotic cells. In this germlineselection model, mutations in specific genes confer a growth advantage to mutant stem cells over wild-type stem cells and THE PATERNAL AGE EFFECT may represent one mechanism contributing to the paternal age effect.
There are reasons to question some of the assumptions used in the model. Yves Clermont performed the most extensive early studies of human spermatogenesis, many of which have not been improved upon since newer technologies have been implemented. In these classic analyses, histological data were used to develop models for the process of human spermatogenesis [40] . In his discussion of the data, Clermont proposed a model based on the ratios of different spermatogenic cell types and predicted ''differential,'' or what we would now call asymmetric, mitoses of spermatogonia [41] [42] [43] [46] . The authors argue that mutant stem cells sometimes divide symmetrically. More recently, immunohistochemistry against antigens found in spermatocytic seminomas revealed that presumptive clonal events occur frequently in the testes of older men [47] . Clearly there is increasing evidence that spermatogonial stem cells have the ability to divide symmetrically, thereby calling into question the positive selection theory that depends on asymmetric stem cell divisions with occasional symmetric divisions. Symmetrical division of stem cells alone could produce clusters of mutant cells. This in turn calls into question the rejection of hotspot mutations at the commonly mutated loci. Definitive evidence acquired through direct testing is required to determine if human spermatogonial stem cells divide symmetrically and whether there is, in fact, positive selection of certain mutations in the germline. Notably, these two mechanisms are not mutually exclusive. Figure 2 demonstrates the consequences of asymmetrical and symmetrical divisions by spermatogonial stem cells with a de novo germline mutation starting with a single stem cell. The mutation is shown so that the effects of each type of division on the number of mutant stem cells and mutant sperm can be observed readily. No selective growth advantage is applied. Asymmetrical division of a single stem cell produces two daughter cells with two different fates. One daughter cell will function to replenish the stem cell pool, while the other daughter cell will differentiate to produce mature sperm. With a de novo mutation, asymmetrical division will produce only a few mutated sperm and will not increase the number of mutated stem cells. In contrast, symmetrical stem cell division produces two daughter cells that can increase the number of mutated stem cells. The size of the mutant cluster would be dependent upon the number of symmetrical divisions prior to initiating differentiation. The increased number of mutated stem cells can then produce increasingly more mutated sperm. If stem cells divide symmetrically multiple times, the number of mutated spermatogonial stem cells and sperm would become much greater compared to the numbers in an asymmetrical division model.
Unfortunately, there are no definitive biomarkers with which investigators can identify and/or isolate highly pure populations of spermatogonial stem cells from adult humans, nonhuman primates, or rodents. Therefore, investigators postulating positive selection have used mathematical models to assign functions to stem cells. It is problematic that we do not have good biological data about the numbers, mitotic index, or other aspects of spermatogonial stem cells and their niches in aged men or animals, or how their properties are alike or different from spermatogonial stem cells and niches in young men or animals. Clearly, there are fundamental aspects of spermatogonial stem cell biology that need clarification. Based on the current limited knowledge of spermatogonial stem cell behavior, it is possible that symmetrical division of spermatogonial stem cells with or without positive selection could function to produce clonal expansion of mutations that give rise to Apert syndrome and other diseases associated with paternal age.
GENETIC INTEGRITY MECHANISMS IN THE MALE GERMLINE: PROGENITOR CELL DIVISIONS MINIMIZE STEM CELL MUTAGENESIS RISK
Increasing mutations in the male germline with increasing age suggest that the mechanisms functioning to prevent genetic instability in young men may become compromised with age. There are a number of genetic integrity mechanisms that can be considered. One such mechanism relates to the number of cell divisions a stem cell must undergo over the lifespan of the organism. Spermatogonial proliferation is sustained throughout the adult life phase. This provides an enormous opportunity for creating mutations because each spermatogonial cell division requires DNA replication. Each round of DNA replication must faithfully replicate 10 9 bp of DNA so that the two resulting daughter cells have the correct genetic information to successfully produce offspring. DNA replication is a highfidelity process [48] , but mutations do occur. Therefore, each human spermatogonial stem cell, which theoretically divides 380 times during 30 yr [49] , would have 380 replication cycles 3 10 9 bases replicated to experience 3.8 3 10 11 opportunities to create a mutation. A spermatogonial stem cell in a 40-yr-old man would have divided 610 times [49] to encounter 6.1 3 10 11 opportunities to create a mutation. A stem cell in a 50-yrold man would have divided 840 times [49] to create 8. 4 3 10 11 opportunities to generate a mutation. The rate of mutagenesis is estimated to be approximately 100 mutations per generation, based on the prevalence of genetic disease in humans that is caused by de novo autosomal dominant or X-linked diseases [27, 50] . This rate is in accord with the 70 mutations per generation detected in the whole genome sequence analysis of a family of four [29] . The recent deep-coverage DNA sequence study by Kong et al. [5] correctly notes that because the rate of mutations increases in the male germline with the age of the man, a simple mutation rate is not accurate and should instead incorporate changes in mutation rate as men age. It seems reasonable to hypothesize that mutations accumulate in spermatogonial stem cells as they replicate and divide and that relatively infrequent cell divisions function to protect stem MOMAND ET AL.
FIG. 2.
Consequences of asymmetric and symmetric stem cell divisions on the number of mutant stem cells and mutant sperm. A) Asymmetric divisions of spermatogonial stem cells serve to replenish the stem cell pool and, therefore, do not increase the total number of mutant stem cells. Accordingly, there are also fewer total mutant mature sperm produced through asymmetric division than through symmetric division. Therefore, asymmetric division creates a lower risk for transmission of de novo mutation to offspring. B) Symmetrical divisions of spermatogonial stem cells can increase the total number of mutant stem cells and increase the total number of mutant mature sperm. Because more mutant stem cells are generated with each symmetrical stem cell THE PATERNAL AGE EFFECT cells from a rapid accumulation of potentially deleterious mutations. Unfortunately, there is a lack of empirical data on mutation frequencies in spermatogonial stem cells over the reproductive lifespan to support or refute this hypothesis.
The processes of differentiation within the male germline and movement of sperm from the testis to the epididymis require that most spermatogenic cells are transient residents of the seminiferous tubules. Only the spermatogonial stem cells retain residence permanently. Sperm carry the DNA that will direct development of the next generation. Sperm DNA is derived from spermatogonial stem cell DNA. Therefore, to insure genome integrity for offspring, stem cell genomes must be stringently protected. One way to protect the stem cell genome is to minimize the number of times it replicates, because replication provides abundant opportunities to create mutations. Each time DNA is replicated, there are 10 9 new bases synthesized in complementary strands. Because each base addition carries the possibility of a mutation, the risk of mutagenesis is relatively large. Fortunately, there are mechanisms to minimize the risk. Large numbers of sperm are required for fertility, which potentially places spermatogonial stem cells at risk of mutagenesis due to relatively frequent cell division. Rodents limit stem cell divisions by amplifying cell numbers through progenitor divisions [45] . In humans, spermatogonial stem cells divide about once every 16 days [40, 51] . However, there are fewer progenitor amplification divisions in humans as compared with rodents. Rather, current data suggest that there are proportionately more stem cells in human testes, with the end result being that each stem cell divides infrequently. The descriptions of human spermatogenesis include only a few types of undifferentiated spermatogonia and only a few mitotic divisions by spermatogonia [40] [41] [42] [43] . Also, it has been determined that undifferentiated spermatogonia represent approximately 0.3% of the cells in the mouse testes [52] , whereas recent data on human spermatogenesis suggest that approximately 13% of the germ cells in the testes are undifferentiated spermatogonia [53] . By limiting DNA replication, stem cells reduce the risk of mutagenesis.
GENETIC INTEGRITY MECHANISMS IN THE MALE GERMLINE: CELL DEATH TO THE RESCUE
Cell death has been invoked as a mechanism for eliminating cells with excessive or irreparable DNA damage and, as such, is another potential mechanism for preserving genetic integrity. Extensive cell death through apoptosis occurs among spermatogonia as they proliferate in early puberty in the mouse [54] [55] [56] . One possible function of this wave of cell death is to effectively remove spermatogonia with unacceptable levels of DNA damage. Indeed, the spontaneous mutant frequency drops in early mouse spermatogenesis between primitive type A spermatogonia and type B spermatogonia [23] such that cells entering and proceeding through spermatogenesis have a lower mutant frequency. Mice lacking BAX, a proapoptotic protein, display reduced cell death in the early pubertal phase, and consequently the drop in mutant frequency is absent [57] . These results support the notion that apoptosis is a regulator of germline mutagenesis. In humans, 36%-45% of germ cells are lost [58, 59] , while little apoptosis occurs later in spermiogenesis [60] . Clermont [39] proposed that the death of germ cells may be a mechanism for eliminating cells with abnormal chromosomes. Together, these findings suggest apoptosis may also contribute to regulating mutant frequency in human spermatogenic cells. It is not clear whether apoptosis continues to regulate germline mutagenesis in spermatogonial stem cells over the lifespan or whether cell death mechanisms falter and provide less protection during aging. Cell cycle checkpoints are integral for successful signaling of cell death, and yet whether these contribute to the paternal age effect remains to be determined.
GENETIC INTEGRITY MECHANISMS IN THE MALE GERMLINE: DNA REPAIR RESTORES INTEGRITY
DNA repair mechanisms are perhaps the most obvious route for cells to actively sustain genetic integrity by recognizing and removing damaged DNA, including mismatched normal bases that appear during replication. A number of DNA repair mechanisms are known, and each repair pathway specializes in the DNA damage it recognizes and ameliorates, although there is also substantial overlap in substrate specificity among some pathways. Despite the critical role DNA repair plays in maintaining genetic integrity, very little research has focused on specifically analyzing the potential role of changes in DNA repair in the paternal age effect.
Nucleotide excision repair primarily recognizes and repairs helix-distorting lesions in DNA, but it also overlaps in substrate specificity with several other pathways. Two major subpathways are recognized: global genome repair and transcription-coupled repair [61, 62] . Global genome repair functions on the entire genome, whereas transcription-coupled repair preferentially repairs damage on the transcribed strand of transcriptionally active DNA. There are potentially enormous ramifications in the germline emanating from transcriptioncoupled repair. Because this mechanism would only repair expressed genes, those unexpressed genes needed for development of ensuing embryos would not be repaired efficiently. Nucleotide excision repair activity was generally slower in spermatogenic cells compared to somatic cells [63, 64] . The efficiency of nucleotide excision repair activity in male germ cells varied among different cell types, diminishing gradually from spermatogonial cells to spermatids and with age. In a recent study [24] , gene expression profiles of DNA repair pathways were examined in 4-and 18-mo-old Brown Norway rats. Genes involved in the nucleotide excision repair pathway were upregulated with age at the RNA level in pachytene spermatocytes. Although mRNA levels of those genes were elevated in pachytene spermatocytes in the older rats, three out of the four nucleotide excision repair proteins showed unaltered expression by Western blot analysis.
Base excision repair recognizes and repairs lesions such as oxidized, deaminated, and incorrect bases (e.g., uracil) in DNA. Abasic sites and many single-strand breaks can also be repaired through this pathway. Base excision repair is a robust mechanism for preserving genetic integrity in the male germline [22, 65] . Heterozygosity for an inactivated allele of base excision repair genes Apex1 and Polb is sufficient to mediate elevated mutagenesis in spermatogenic cells of young adult mice [66] [67] [68] . At old age, base excision repair activity is reduced due to decreased abundance of a key protein, AP endonuclease 1 (APEX1) [22] , and corresponds to increased mutagenesis in meiotic and postmeiotic cells [23] . Thus, it appears that reduced abundance of APEX1 mediates reduced base excision repair that, in turn, allows greater mutagenesis in spermatogenic cells of old mice. Whether base excision repair is altered in spermatogonial stem cells or progenitors at older ages is unknown. The mechanism by which APEX1 abundance is diminished is unknown. Whether similar changes occur in man is also unknown at present.
To date, studies involving quantitative measurements of DNA repair activities in the male germline relative to age are minimal. It is difficult to construct a summary or hypothesis about the role of DNA repair in the paternal age effect for this reason. However, we will speculate that the large number of spermatogenic cells within the male germline has been used to balance the need to sustain genetic integrity for propagation of species, such that cell death responses may be invoked for the types of DNA damage, such as DNA double-strand breaks, that would normally have the potential to result in large DNA rearrangements. This would be less feasible in a system with a limited number of differentiating cells. For the germline, this would help preserve genetic integrity by removing aberrant cells from the population that completes differentiation. However, DNA repair that ameliorates base damage, which has the potential to mediate mutagenesis and cause genetic disease, may be upregulated because base damage is less likely to invoke cell death.
CONCLUDING REMARKS
Studies of human genetic disease have unveiled a paternal age effect. As lifespan is extended and parenthood is delayed in modern society, the consequences of the paternal age effect become increasingly important for reproductive health. Investigation has begun to reveal mechanisms involved in the paternal age effect; it appears to be a multifaceted phenomenon. Nearly 100 years after Weinberg [2] first proposed a parental age effect in genetic disease and 50 years after Penrose [3] proposed a paternal age effect, we are just beginning to understand the phenomenon. There are many areas of investigation that may prove fruitful that are not yet pursued. Several examples have been indicated already and yet there are additional possibilities for investigation. Mitochondrial DNA mutations accumulate in postmitotic somatic tissues, compromising mitochondrial function. Do similar changes in mitochondrial DNA occur in stem cells, and do they then compromise stem cell function? Do all stem cells behave the same or are there variations in their susceptibility to mutagenesis? Do epigenetic marks remain stable with age in spermatogonial stem cells, or do they change and contribute to the paternal age effect? These and more questions remain to be addressed as we seek to understand the effects of age on germ cell biology.
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